Abstract. The relative importance of wildfire smoke for air quality over the western U.S. is expected to increase as the 11 climate warms and anthropogenic emissions decline. We report on in situ measurements of ozone (O 3 ), a suite of volatile 12 organic compounds (VOCs), and reactive oxidized nitrogen species collected during summer 2015 at the Boulder 13
Introduction 28
Over the past 30 years, wildfires in the western U.S. have increased in both frequency and intensity, and this trend will likely 29 continue under future climate change (Westerling, 2016) . Wildfire smoke can be transported over thousands of kilometers, 30 and exposure to wildfire smoke has significant impacts on human health (Künzli et al., 2006; Rappold et al., 2011; Elliott et 31 al., 2013) . While U.S. emissions of most major air pollutants are declining (Pinder et al., 2008) , increasing fire activity 32 suggests that wildfires may have a greater relative impact on U.S. air quality in the future (Val Martin et al., 2015) . 33 34 Ozone (O 3 ) is formed when hydrocarbons are oxidized in the presence of nitrogen oxides (NO x = NO + NO 2 ) and sunlight 35 (Sillman, 1999) . Wildfires emit many trace gas species that contribute to tropospheric O 3 production. Along with carbon 36 monoxide (CO), methane (CH 4 ), and carbon dioxide (CO 2 ), hundreds of different non-methane volatile organic compounds 37 (NMVOCs) with lifetimes ranging from minutes to months (Atkinson and Arey, 2003) are emitted during biomass burning 38 (Akagi et al., 2011; Gilman et al., 2015) . Due to relatively large emissions of CO 2 , CO, CH 4 and NO x , the contribution of 39
VOCs to the total emissions from fires on a molar basis is small (<1%). However, VOCs dominate the OH reactivity in 40 smoke plumes (Gilman et al., 2015) . Recent observations of the evolution of VOCs within aging smoke plumes indicate that 41 OH can be elevated in young biomass burning plumes (Hobbs et al., 2016) in part due to the photolysis of oxygenated VOCs (Mason et al., 2001 ), which make a large contribution to the 43 total emitted VOC mass (Stockwell et al., 2015) . Elevated OH may reduce the lifetime of emitted VOCs and increase 44 oxidation rates and potential O 3 production. 45
46
Fires are also a major source of oxidized nitrogen; emissions from biomass and biofuel burning represent approximately 47 15% of total global NO x emissions (Jaegle et al., 2005) . However, there are major uncertainties in NO x emission estimates 48 from biomass burning, particularly at a regional scale (Schreier et al., 2015) . There are multiple lines of observational evidence indicating that wildfires in the western U.S. increase the abundance of 56 ground level O 3 . Background O 3 mixing ratios across the western U.S. are positively correlated with wildfire burned area 57 (Jaffe et al., 2008) , and daily episodic enhancements in O 3 at ground sites can be > 10 ppbv (Lu et al., 2016) . There are well-58 documented case studies of within plume O 3 production (see Jaffe and Wigder (2012) higher O 3 mixing ratios in many areas of the U.S., and that this correlation is not driven by temperature. Regions with the 64 Similar to CO, ethane has an atmospheric lifetime on the order of a month during summertime at mid-latitudes (Rudolph and 228 Ehhalt, 1981) and is emitted by wildfires (Akagi et al., 2011) . However, average ethane mixing ratios were not higher during 229 the August smoke-impacted period compared to the smoke-free period. One potential reason for this may be the large local 230 sources of alkanes from oil and natural gas activities within the Denver-Julesberg Basin which contribute to relatively high 231 local mixing ratios of these species (Gilman et 2017). The range of ethane mixing ratios observed at BAO was also not different between smoke-free (0.3 -337 ppbv) and 233 smoke-impacted periods (1 -362 ppbv). Similarly, we did not observe significant changes in most of the C 3 -C 9 alkanes we 234 measured. Figure 3 shows there were two exceptions to the general alkane observations: 2-methylhexane showed a 235 significant decrease in average abundances (-39 pptv or -45%) and 3-methylhexane showed a significant increase (63 pptv or 236 75%) during the smoke-impacted period, despite both having similar smoke-free abundances and similar rate constants for 237 reaction with the hydroxyl radical (OH; k OH ~ 7 x 10 12 cm 3 molec -1 s -1 ). 238
239
The atmospheric lifetimes of the four alkenes we quantified (isoprene, propene, ethene, and cis-2-butene) range from tens of 240 minutes to hours. Surprisingly, we observed significant decreases in the abundance of isoprene, propene and ethene during 241 the August smoke-impacted period compared to the smoke-free period: -64% (-143 pptv), -77% (-39 pptv), and -81% (-206 242 pptv) respectively (for summary statistics see Table 1 ). The shape of the diurnal cycles did not change ( Figure S1 ), though 243 propene and ethene were near their respective limits of detection for the majority of each day during the smoke-impacted 244 period. Given the short lifetimes of these species, this indicates that the presence of the smoke either local anthropogenic or 245 biogenic emissions of these species, or their respective rates of oxidation by OH or O 3 . We present several potential 246 mechanisms here, but we do not have sufficient information to determine if one of these is solely responsible for the pattern 247 we observed. 248
249
Our first hypothesis is that fewer anthropogenic emissions of these alkenes drove the observed decreases in alkene 250 abundances. However, there is no evidence that anthropogenic emissions were different during the August smoke-impacted 251 period. Specifically, the August smoke-impacted period encompassed both weekdays and weekends and did not contain any 252 state or federal holidays. Therefore we move to our second hypothesis, that changes in the biogenic emissions of alkenes 253 accounted for the decreased alkene mixing ratios. Isoprene is widely known to be emitted by broad leaf vegetation, and 254 emission rates are positively correlated with light and temperature (Guenther et al., 2006) . Recent measurements quantified 255 ethene and propene emissions from a ponderosa pine forest near Colorado Springs, CO, with an inter-daily light and 256 temperature dependence similar to isoprene (Rhew et al., 2017) . Interestingly, emissions and mixing ratios of ethene and 257 propene were not closely correlated with isoprene within the diurnal cycle, indicating they have different vegetative/soil 258 sources than isoprene at that site. Ponderosa pine stands are present in the foothills on the western edge of the plains in the 259
Front Range, and several species of broad leaf trees are present along waterways, in urban areas, and in the foothills of this 260 region. Thus, biogenic sources of ethene, propene, and isoprene in the region around BAO are reasonable. Given the August 261 smoke-impacted period was on average colder than the smoke-free period, and potentially saw a reduction in photosynthetic 262 active radiation (PAR) at the surface due to the increased number of aerosols, it is possible that biogenic emissions of 263 isoprene, ethane, and propene were suppressed. However, biogenic fluxes of these compounds are unavailable for the region 264 around BAO during summer 2015, and extrapolating emissions from one ponderosa pine stand to the rest of the Front Range 265 may be overly ambitious. Further, we note that a PMF analysis of the VOC data from this site did produce a 'biogenic factor' 266 dominated by isoprene, but with negligible contribution of any other hydrocarbon, suggesting that the biogenic component of 267 these C 2 -C 3 alkenes was small The only alkyne measured was ethyne. Ethyne is emitted by wildfires (Akagi et al., 2011) and has a lifetime of ~1 month 295 during summer. We observed a significant increase in the abundance of ethyne during the August smoke-impacted period. 296
These enhancements were small in absolute mixing ratio (0.163 ppbv), but represented a large percentage increase (67%) 297 and were consistently present throughout the day. 298
299
It is well known that wildfires produce carcinogenic aromatic hydrocarbons including benzene (Fent et al., 2014) . During the 300 smoke-impacted periods, we observed significantly enhanced benzene throughout the day with an average increase of 0.117 301 ppbv and a percentage increase of 67%. These enhancements followed the pattern of CO and ethyne; there were consistent 302 increases throughout the day and the diurnal cycle retained its shape. Wildfires also produce toluene (Fent et al., 2014); 303 however, it has a substantially shorter lifetime (< 2 days) than benzene (~12 days). Toluene showed no significant changes in 304 its mean mixing ratio, diurnal cycle, or range of values measured at BAO during the smoke-impacted periods. The other 305 aromatic hydrocarbons we quantified (o-xylene and ethyl-benzene) also did not change significantly. . Importantly for our analysis, we found that the 318 statistically significant changes in all species during the smoke-impacted periods occurred across all wind directions. Figure  319 4 shows this for two representative species: benzene and NO 2 . We also did not find statistically significant changes in wind 320 direction or wind speed patterns between smoke-free and smoke-impacted periods. Thus, we attribute the changes in 321 atmospheric composition during the August smoke-impacted period to the presence of smoke. 322
Reactive Oxidized Nitrogen (NO y ) Species 323
Peroxyacyl nitrates and HNO 3 were successfully measured from 10 July -7 September and alkyl nitrates were measured 324 from 24 July -30 August. Thus we report significant changes in these species for the August smoke-impacted period only. 325
We observed significant enhancements in both peroxyacetyl nitrate (PAN) and peroxypropionyl nitrate (PPN) during the 326 August smoke-impacted period. PAN and PPN abundances were consistently elevated across the day by an average of 183 327 and 22 pptv respectively, corresponding to a ~100% change for both species. The peak of each diurnal cycle was shifted later 328 in the day by about 3-4 hours for the smoke-impacted period. This cannot be accounted for merely by the shift in the timing 329 of solar noon given that the total decrease in daylight between 10 July and 30 August is ~2 hours. The C 1 -C 2 alkyl nitrates 330 measured at BAO exhibited similar behaviors; methyl nitrate and ethyl nitrate saw average enhancements during the August 331 smoke period of 1.2 and 0.77 pptv, 41% and 31% respectively, though the average mixing ratios of these species are smaller 332 by an order of magnitude compared to other alkyl nitrates quantified. Propyl-, pentyl-, and butyl-nitrate did not display 333 significant changes in their average mixing ratio, though we observed a similar shift in the peak of their diurnal cycles of 2-4 334 hours. We did not observe significant changes in the abundances of HNO 3 . There were no changes to the diurnal cycle of 335 HNO 3 or the range of mixing ratios observed. 336 337 NO and NO 2 measurements were made during the entire campaign, 1 July -7 September 2015, so both the July and August 338 smoke-impacted periods were analyzed with respect to potential changes in NO x . NO was present in the same abundances 339 between the two periods and showed the same diurnal cycle during the August smoke-impacted period as compared to the 340 smoke-free period ( Figure 5 ). During the July smoke-impacted period the morning build-up of NO was slower than the 341 smoke-free period, though the mixing ratios were within the range of smoke-free values and the duration of the July smoke-342 impacted period was much shorter than the August smoke-impacted period. 343 344 Figure 5 shows that NO 2 abundances exhibited more significant changes than NO. During the July smoke-impacted period, 345 NO 2 was within the range of smoke-free measurements. In contrast NO 2 during the August smoke-impacted period followed 346 the same diurnal cycle but had pronounced significant increases in average mixing ratios during the morning and evening 347 hours of ~8 ppbv (17%) following sunrise and 3 ppbv (60%) following sunset. These enhanced peak abundances appeared 348 during multiple days during the August smoke-impacted period. Out of 7 morning peaks in NO 2 during the August smoke-349 impacted period, 3 had concurrent toluene and ethyne peaks. One of these days occurred on a weekend, and the others 350 occurred on weekdays. Toluene and ethyne are common tracers of traffic/industrial emissions. However, 4 of the days did 351 not have corresponding ethyne and toluene peaks. Thus, we can't rule out that traffic did not impact some of the NO 2 352 enhancements we observed, however there is also likely another contributing mechanism. There are a few potential 353 hypotheses for a non-traffic related NO 2 enhancement during the August smoke period. One hypothesis is that the photolysis 354 frequency (J NO2 ) was most impacted (i.e. reduced) by the smoke near sunrise and sunset. Another hypothesis concerns the 355 equilibrium between PAN and NO 2 . The thermal decomposition of PAN can be a source of NO 2 (Singh and Hanst, 1981) , 356 but the concurrently observed PAN abundances during the August smoke-impacted period can only account for at most 1 357 ppbv of additional NO 2 . However, there could have been significantly higher PAN abundances in the smoke plume prior to 358 reaching BAO so this hypothesis for the NO 2 enhancements cannot be fully ruled out. We do not have measurements of 359 other reactive nitrogen species (e.g. HONO, ClNO 2 , NO 3 , and N 2 O 5 ) to test other potential hypotheses for a different 360 chemical mechanism to explain the observed NO 2 enhancements. 361
Ozone 362
As discussed in the introduction, wildfire smoke has been found to produce O 3 within plumes and to be correlated with 363 enhanced surface O 3 in areas to which it is advected. The total amount of O 3 at a location is a complex combination of the 364 relative abundances of VOCs and NO x , meteorological conditions supporting local O 3 production, and the amount of O 3 365 present in the air mass before local production. In this section, we describe the significant increases in O 3 during both smoke-366 impacted periods, show that these enhancements were most likely not due to changes in meteorological conditions, and 367 discuss evidence pointing to whether these changes may be due to enhanced local production or transport of O 3 produced 368 within the smoke plume. 369 370 Figure 5d shows that there were significant increases in O 3 mixing ratios during nighttime and midday during the August 371 smoke-impacted period compared to the average smoke-free diurnal cycle. The mean O 3 mixing ratio across all hours of the 372 day was 6 ppbv (14%) larger during the August smoke-impacted period than the smoke-free period (Figure 6 ), significant at 373 the 99% confidence level based on a two-sample difference of means t-test. There were no significant changes in the average 374 O 3 mixing ratios during the July smoke-impacted period (Figure 5a ). The average mixing ratio of O 3 during the July smoke-375 impacted period was not greater than absolute average during the smoke-free period (Figure 5a ). However, as discussed in 376 Section 2, this period in particular was much colder on average than the smoke-free period. Finally, there is an additional meteorological factor in the Front Range that can impact the temperature dependence of ozone. 385
Gusty westerly winds are often associated with high temperatures, and these winds serve to weaken or eliminate cyclical 386 terrain-driven circulations that normally enhance O 3 mixing ratios across the Front Range. Figure 6 presents hourly average 387 O 3 and temperature at BAO and shows a positive relationship between O 3 and temperature for both the smoke-free period 388
and August smoke-impacted period. The increase in O 3 mixing ratios during the August smoke-impacted period compared to 389 the smoke-free period is present across the entire range of comparable temperatures. The same result is apparent during the 390
July smoke-period, where, for comparable temperatures, the July smoke-period has higher O 3 than would be expected from 391 the O 3 -temperature relationship during the smoke-free period. Across both smoke-impacted periods and for a given 392
difference in means between the smoke-free O 3 mixing ratios and the August smoke-impacted period because there were 396 several periods during the July and August smoke-impacted period where air temperatures were colder (~ 5°C) than most 397 observations during the smoke-free period. Thus the lower O 3 mixing ratios associated with these smoke-impacted periods 398 (e.g. ~ 20 -40 ppbv) were not included in the weighted difference in medians since there were not commensurate smoke-free 399 O 3 measurements at those same temperatures. 400
401
In addition to a positive relationship with surface temperature, elevated O 3 in the western U.S. has also been found to be 402 correlated with monthly average 500 hPa geopotential heights, 700 hPa temperatures, and surface wind speeds on an 403 interannual basis (Reddy and Pfister, 2016) . We tested the day-to-day variability in the relationship between O 3 and these 404 meteorological variables during our study period using observations from the 0Z and 12Z atmospheric soundings conducted 405 in Denver (http://mesonet.agron.iastate.edu/archive/raob/). The positive relationships between MDA8 O 3 and 700 mb 406 temperature, 500 mb geopotential height, and surface winds are very weak, R 2 = 0.04, and R 2 = 0.08, and R 2 = 0.0009 407 respectively. Thus, we did not find any evidence to support the hypothesis that differences in meteorological conditions were 408 solely responsible for the significant differences in composition or O 3 that we observed during the smoke-impacted period. into a predetermined number of clusters by minimizing the distance between each trajectory and its nearest neighbor; this 417 technique has been used to classify air mass history in air quality studies (Moody et al., 1998). We found 4 predominate 418 trajectory clusters during our study period: northwesterly flow, westerly flow, southwesterly flow, and local/indeterminate 419 flow ( Figure S2 ). We then compared afternoon (12PM -5PM MDT) hourly O 3 measurements separated by trajectory cluster 420 and binned by temperature between the smoke-free period and the August smoke-impacted period. Most hours during the 421 August smoke-impacted period were associated with northwesterly flow and we found the same enhancement in O 3 for a 422
given temperature when comparing smoke-impacted observations to smoke-free observations assigned to this cluster as we 423 found for the complete dataset ( Figures S3 and 6 ). Thus we conclude that potential changes in O 3 driven by synoptic scale 424 transport conditions cannot account for the observed O 3 enhancements during the August smoke-impacted period at BAO. 425
426
Following the definition in (Cooper et al., 2012) , we define a "high O 3 day" as any day in our study period with at least one 427 hour above the 95 th percentile (71.75 ppbv) of all 11am -4pm MDT hourly average O 3 measurements during the campaign. 428
We found 9 individual high O 3 days during our study period, of which 2 occurred during the August smoke-impacted period 429 percentile. However, it is important to note that many of these days did have higher O 3 abundances than would otherwise be 450 expected given their temperatures (see Figure 6 ). Therefore we conclude that the presence of wildfire smoke contributed to 451 higher O 3 mixing ratios than would otherwise be expected during the two smoke events we sampled, and that during 2 of 452 these days the smoke contributed to an empirically defined "high O 3 day". impacted period produced increases in O 3 mixing ratios across all three sites. When comparing all data for a given 467 temperature, there are average weighted enhancements of 10 ± 2 ppbv, 10 ± 2 ppbv, and 6 ± 2 ppbv O 3 at BAO, ROMO and 468 WALD respectively. O 3 enhancements across all three sites, across an approximate urban to rural gradient, suggest that some 469 amount of the O 3 enhancement observed at BAO during the August smoke-impacted period is the result of O 3 production 470 within the plume during transit. O 3 during the July smoke-impacted period in Figure 8 shows a different pattern. As we saw 471 in Figure 6 , O 3 is enhanced above the level predicted by the ambient temperature at BAO. But no statistically significant 472 enhancements are observed at ROMO and WALD for the July smoke-impacted period. One possibly reason for this nuance 473 is that, based on the HMS smoke product shown in Figure 2 , it is less obvious that smoke was present at ROMO and WALD 474 during the July smoke-impacted period. 475
476
One measure of local production of O 3 is the ozone production efficiency (OPE). OPE is calculated as the slope of the 477 relationship between O 3 and NO z (= NO y -NO x ) (Trainer et al., 1993) . OPE is a measure of the number of molecules of O 3 478 that are produced before a given NO x molecule is oxidized. To calculate OPE we used one minute O 3 and NO z data in 30 479 minute chunks from 12PM -5PM MDT. The slopes were calculated using a reduced major axis regression (package lmodel2 480 for R software) and only OPE values corresponding to an R 2 > 0.3 were retained. We do not find any significant differences 481 in average calculated OPE between the smoke-impacted (8 ± 3 ppbv/ppbv) and smoke-free periods (7 ± 3 ppbv/ppbv ). Thus 482 from the OPE perspective it does not appear there were any changes in the local production efficiency of O 3 due to the 483 presence of smoke. On the other hand, we documented many changes to the atmospheric composition of O 3 precursors, 484 particularly with respect to CO, benzene, ethyne, the alkenes, and PANs. Additionally the smoke may added many O 3 485 precursors that we were not set up to measure (e.g. many OVOCs). Due to the nonlinear nature of O 3 chemistry, the different 486 mix of precursors could have caused enhanced local O 3 production, depressed local O 3 production, or had no effect on local 487 O 3 production. Taken together, the observations do not suggest a single mechanism that describes smoke influence on O 3 in 488 Front Range airmasses during these case studies. Instead, the observations point to the presence of smoke resulting in a 489 complex array of processes that will require more detailed observations and chemical transport modelling to clearly identify 490 and quantify. 491
Conclusions 492
Here we report a time series of detailed gas-phase ground measurements in the northern Colorado Front Range during 493 summer 2015. Clear anomalies in CO and PM 2.5 showed that aged wildfire smoke was present at ground-level during two 494 distinct periods (6 -10 July and 16 -30 August) for a total of nearly three out of the nine weeks sampled. This smoke from 495 wildfires in the Pacific Northwest and Canada impacted a large area across much of the central and western U.S., and was 496 several days old when it was sampled in Colorado. This wildfire smoke mixed with anthropogenic emissions in the Front 497 Range, resulting in significant changes in the abundances of O 3 and many of its precursor species. Our measurements are 498 unique because of 1) the length of time we sampled this smoke-impacted anthropogenic air mass, and 2) the detailed 499 composition information that was collected. 500 501 During the smoke-impacted periods we observed significantly increased abundances of CO, CH 4 , and several VOCs with 502 OH oxidation lifetimes longer than the transport time of the smoke. We measured significant decreases in several of the most 503 reactive alkene species, indicating possible enhanced oxidation processes occurring locally. Mixing ratios of peroxyacyl 504 nitrates and some alkyl nitrates were enhanced and peak abundances were delayed by 3-4 hours, but there was no significant 505 change in HNO 3 mixing ratios or its diurnal cycle. During the longer August smoke-impacted period we observed significant 506 increases in NO 2 mixing ratios just after sunrise and sunset. We did not observe any consistent shifts in wind direction or 507 changes in wind speed that can explain the observed changes in composition (e.g. Figure 4 ), and the changes in abundances 508 that we observed for a given species were generally present across all directions and speeds. The smoke was ubiquitous 509 across the Front Range as evidenced by enhanced PM 2.5 at CAMP (Figure 1 ) and 9 other Front Range CDPHE monitoring 510 sites. 511
512
We observed significantly enhanced O 3 abundances at BAO of about 10 ppbv for a given temperature during both smoke-513 impacted periods. The enhancements during the August smoke-period led to very high surface O 3 levels on several days; out 514 of 9 high O 3 days at BAO during our study period, 2 were during the August smoke-impacted period. These enhancements 515
were not due to higher temperatures, nor anomalous meteorological conditions. We found evidence of O 3 produced within 516 the smoke plume during transit, and changes in the observed abundances of many O 3 precursors indicated that the smoke 517 may have impacted local O 3 production as well. Future modelling work and additional observational studies are needed in 518 order to fully address the question of how much O 3 the smoke produced and how it changed local O 3 production. 519
520
It is important to note that the presence of smoke does not always result in very high O 3 abundances. Many other factors 521 contribute to the overall level of surface O 3 , and smoke can also be associated with relatively low O 3 at times, such as during 522 the July smoke event described above. This case study describes two distinct smoke events where the presence of smoke 523 likely increased O 3 abundances above those expected by coincident temperatures. However, we do not intend to claim that 524 all high O 3 episodes in the Front Range are caused by smoke, nor that smoke will always cause higher than expected O 3 . 525
Each smoke event has unique characteristics and thus it is important to study and characterize more events such as these in 526 the future. 527 528 Wildfire smoke during these time periods in 2015 most likely impacted atmospheric composition and photochemistry across 529 much of the mountain west and great plains regions of the U.S. Given the BAO, Rocky Mountain and Walden research 530 locations span an urban-rural gradient as well as a large altitudinal gradient, it is likely that both rural and urban locations 531 impacted by this smoke could have experienced enhanced O 3 levels. Additionally, the Pacific Northwest wildfires that 532 produced this smoke were among the most extreme in that region's history. We know that wildfires are increasing in both 533 frequency and intensity throughout the western U.S. due to climate change, and thus wildfire smoke events such as this one 534 will likely play an increasingly problematic role in U.S. air quality. 535
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